Individuals with the birth defect synpolydactyly (SPD) have 1 or more digit duplicated and 2 or more digits fused together. One form of SPD is caused by polyalanine expansions in homeobox d13 (Hoxd13). Here we have used the naturally occurring mouse mutant that has the same mutation, the SPD homolog (Spdh) allele, and a similar phenotype, to investigate the molecular pathogenesis of SPD. A transgenic approach and crossing experiments showed that the Spdh allele is a combination of loss and gain of function. Here we identify retinaldehyde dehydrogenase 2 (Raldh2), the rate-limiting enzyme for retinoic acid (RA) synthesis in the limb, as a direct Hoxd13 target and show decreased RA production in limbs from Spdh/Spdh mice. Intrauterine treatment with RA restored pentadactyly in Spdh/Spdh mice. We further show that RA and WT Hoxd13 suppress chondrogenesis in mesenchymal progenitor cells, whereas Hoxd13 encoded by Spdh promotes cartilage formation in primary cells isolated from Spdh/Spdh limbs, and that this was associated with increased expression of Sox6/9. Increased Sox9 expression and ectopic cartilage formation in the interdigital mesenchyme of limbs from Spdh/Spdh mice suggest uncontrolled differentiation of these cells into the chondrocytic lineage. Thus, we propose that mutated Hoxd13 causes polydactyly in SPD by inducing extraneous interdigital chondrogenesis, both directly and indirectly, via a reduction in RA levels.
Introduction
Limb malformations are a relatively common human birth defect. From a clinical point of view, they can be subdivided into brachydactylies (short digits), reduction defects, and duplications, the latter affecting most frequently the digits, in which case they are called polydactyly (1, 2) . Polydactylies may occur at the anterior side (thumb, preaxial), the posterior side (little finger, postaxial), or between fingers (central). Early transplantation experiments have shown that a complete duplication of the autopod can be induced by implanting an additional zone of polarizing activity (ZPA) to the anterior (opposite) region of the limb bud. In this case, the bud receives 2 signals, one from the posterior side and an additional one from the anterior side, resulting in an autopod with mirror image duplication. The signaling molecule sonic hedgehog (Shh) was identified as the major signal from the ZPA that is necessary and sufficient to confer these effects (reviewed in refs. [3] [4] [5] .
Misregulation of Shh signaling and misexpression of Shh at the anterior region of the limb bud was shown to be a major factor in the pathogenesis of polydactyly (3, 6) . For example, mutations in the so called ZPA regulatory sequence (ZRS) of Shh result in ectopic expression of Shh at the anterior limb bud, thus inducing polydactyly (7) (8) (9) . Mutations in Gli3, one of the transcriptional effectors of Shh signaling, result in polydactyly in mice and humans by disturbing the balance between the activator and the suppressor function of Gli3 (10) . Dysfunction of the cilia can lead to polydactyly, for example in Bardet-Biedl, oral-facial-digital, SeniorLoken, and Meckel-Gruber syndromes, probably reflecting a role for cilia in hedgehog signaling (11) , as studies in polydactylous mouse mutants with abnormal intraflagellar transport proteins were shown to have defective Gli3 processing (12) . Genes such as Alx4 interfere with Shh signaling and produce polydactyly also by inducing Shh misexpression (13) . Curiously, misregulation of another member of the hedgehog family, Indian hedgehog (Ihh), results in polydactyly in doublefoot mice through expression of Ihh in the anterior limb margin (14) .
Duplications of digits are frequently associated with cutaneous or osseous webbing of the adjacent fingers, resulting in syndactyly, hence the name synpolydactyly (SPD) for these conditions (15) . One type of SPD has been shown to be caused by mutations in homeobox d13 (Hoxd13), the most 5′ homeobox (Hox) gene of the D cluster. Hox genes of the A and D clusters are expressed in a graded overlapping fashion throughout the posterior limb. Through this specific pattern, positional cues are thought to be conferred to the cells (16) . For example, in the absence of Hoxa13 and Hoxd13, the autopods fail to develop (17) and removal of Hoxa11 and Hoxd11 function leads to truncations of the zeugopod (18) , whereas a deficiency of groups 9 and 10 affects the stylopod (19) . While these results point to an important role for Hox genes in early patterning of the limb, an additional role in the subsequent process of skeletal organogenesis and growth is likely (20) .
Interestingly, the mutations associated with SPD have been shown to be expansions of an Ala repeat located within the N-terminal part of the protein. These mutations result in an expansion of a 15-Ala repeat by an additional 7 to 14 Ala (21, 22) . The specificity of these mutations was underlined by the identification of a mouse mutant with an identical mutation and a similar phenotype, which was consequently termed SPD homolog (Spdh) (23) , and the lack of similar changes in Hoxd13 knockout mice (17) . Similar mutations were subsequently described in a number of other genes. All mutations affect transcription factors and result in expansions with a total length of more than 21 Ala (24) . For some of these mutations, a loss-of-function mechanism is likely, as similar phenotypes occur in association with (for example) nonsense mutations in the same gene. For Hoxd13, however, the mechanism appears to be different, as shown by breeding experiments of Spdh mice with various Hox mutants (25) . The expansion of the Ala repeat in Hoxd13 results in degradation of the mutant protein in the proteasome. Insufficient degradation leads to the accumulation of aggregates within the cell. These effects correlate with the length of the repeat, i.e., the longer the repeat, the more protein is degraded and the more aggregates are present. This mechanism appears to apply for all polyalanine repeat expansions and can thus be considered as the pathomechanism behind the disease (26) . In spite of these advances in understanding the pathology of polyalanine-related conditions, it remains unclear why the mutations in Hoxd13 result in SPD and how the dominant mechanism can be explained.
Figure 1
The Spdh allele acts as a loss and gain of function. (A) Skeletal preparations of WT and Spdh/Spdh mice at birth (P0) and 1 week of age (P7). Spdh/Spdh mice exhibited multiple additional incompletely formed digits, fused joints, and a severe delay in ossification. Cartilage was stained with Alcian blue, bone with Alizarin red. (B) Skeletal preparations of transgenic PrxHoxd13 +21Ala mice at P0 showed a severe malformation of the radius and bending of the ulna. No major changes were seen in the digits. Introducing 1 Spdh allele (Hoxd13 +21Ala ; Spdh/WT) did not change the phenotype. Mice expressing Hoxd13 +21Ala on a homozygous Spdh background (Hoxd13 +21Ala ; Spdh/Spdh) showed a severe phenotype with excessive fusions and polydactyly. Mice with 1 Spdh allele and 1 inactivated Hoxd13 allele (Hoxd13 st/Spdh ) showed a delay in bone formation, fusion of joints, occasional postaxial polydactyly, and a short digit 2. In addition, ectopic cartilage formation between the digits, and an uneven surface of the digit cartilage (magnification of interdigital space shown on right), was present. Original magnification, ×3.2 (left), ×4.0 (right). (C) Shh expression in E10.5 WT and Spdh embryos.
Using screening approaches we identify the retinoic acid-producing (RA-producing) enzyme retinaldehyde dehydrogenase 2 (Raldh2) as downregulated in Spdh limb buds. We show that Hoxd13 regulates Raldh2 and that RA represses chondrogenesis in the interdigital space, preventing the formation of cartilage condensations. In the Spdh mutant, less Raldh2 results in lower RA levels in the limb and thus less inhibition of chondrogenesis. In addition, we show that WT Hoxd13 is a strong repressor of chondrogenesis, whereas Hoxd13 with expanded Ala repeats has a prochondrogenic effect, contributing to the accelerated and uncontrolled differentiation of interdigital cells into chondrocytes. We propose that Hoxd13-associated polydactyly in Spdh mice is due to increased chondrogenesis in the interdigital mesenchyme. Figure  1A shows representative skeletal preparations stained with Alcian blue (cartilage) and Alizarin red (bone) of WT and Spdh/Spdh forelimbs at postnatal days P0 and P7. Spdh/Spdh mice exhibited additional digits at varying locations, fused joints, and a severe delay in ossification. To test whether polyalanine expansions result in a dominant phenotype we expressed a Hoxd13 mutant containing a +21 Ala expansion under the control of the limb-specific Prx1 promoter (PrxHoxd13 +21Ala mice). Two mouse lines were obtained, both showing the same phenotype: bowing of the ulna and, apart from a delay in ossification, normal digits ( Figure 1B ). This phenotype did not change significantly after introducing 1 Spdh allele. These results indicate that even a very long polyalanine is not sufficient to induce polydactyly on a WT or heterozygous Spdh background. However, crossing PrxHoxd13 +21Ala mice on a homozygous Spdh background resulted in a much more severe phenotype than that found in single Spdh/Spdh mice. To further investigate interactions of mutant Hoxd13 with other Hoxd genes, we crossed Spdh/+ mice with mice in which 1 allele of Hoxd13 was inactivated (Hoxd13 st/+ ) (27) . Double heterozygous (Hoxd13 st/Spdh ) mice showed an intermediate phenotype overlapping with, but also distinct from, the single homozygous (Spdh/Spdh, Hoxd13 st/st ) mice. Similar to our observations of Spdh/Spdh mice, we observed severe abnormalities of joint formation and a delay in ossification. However, central polydactyly did not occur. Instead, postaxial polydactyly was occasionally present, similar to what has been described in Hoxd13 st/st mice (27) . Close examination of the interdigital space, however, revealed ectopic cartilage formation between the digits and irregular boundaries of the digital cartilage. Neither abnormality is present in Hoxd13 st/st mice (27) but were part of the Spdh/Spdh phenotype ( Figure 1B) .
Results

Spdh is a combination of partial loss of function and gain of function.
Polydactyly frequently involves Shh misexpression, and Shh was shown to regulate Hox expression (28) . We thus investigated Shh expression in WT and Spdh limbs at various stages without observing significant differences in distribution or intensity of Shh mRNA ( Figure 1C) .
Raldh2 is downregulated in Spdh limbs. To identify pathways that were misregulated in Spdh limbs, we used a dual approach and screened for differences in protein and mRNA expression levels between WT and mutant limbs. We observed downregulation of genes known to be part of the RA signaling pathway (data not shown), including Raldh2. In addition, we performed 2D gel electrophoresis to screen for changes at the protein level, and Raldh2 was identified as being downregulated (63% of WT levels) (Figure 2A ). Since Raldh2 converts retinol into RA (29), we measured RA content in E13.5 limb buds. This quantification revealed a reduction of all-trans RA in Spdh/Spdh limbs to 57% of WT values ( Figure 2B ).
To investigate the Raldh2 expression pattern and level, we performed in situ hybridization on serial sections of limb buds at different developmental stages ( Figure 2C ). At E12.5, we observed a distinct expression pattern of Raldh2 within the interdigital space between the condensations. With further development (E13.5), Raldh2 continued to be expressed in the interdigital mesenchyme, but the strongest expression was present in the perichondrium. In the mutant Raldh2, expression was almost absent at E12.5 and strongly reduced at E13.5. No expression was observed in the perichondrium. Raldh2 and Hoxd13 showed overlapping expression patterns in the mouse autopod at E12.5 and E13.5 ( Figure 2C ).
To further test our hypothesis of altered RA signaling, we performed expression analysis of different established RA signaling targets ( Figure 2D ). In our studies, RARβ was expressed more weakly in Spdh/Spdh than in WT forelimbs, and expression in the perichondrium was not observed at all. dHand, normally expressed in the digital chondrogenic regions, was downregulated. Likewise, Meis2 expression was reduced in Spdh/Spdh mutants. In WT mice, Tbx5 was expressed ubiquitously all over the limb bud ( Figure 2D ). In Spdh/Spdh mutant limbs, we observed a downregulation of Tbx5 expression.
Raldh2 is regulated by Hoxd13.
To test whether Raldh2 is directly regulated by Hoxd13, we performed different promoter assays. In silico analysis revealed a conserved region 3,300 bp upstream from the transcription start site of murine Raldh2. Within a 1,300-bp region, several Hox binding sites were identified that were conserved between Homo sapiens and rat. This region was cloned into pGL2, and enhancer and luciferase reporter assays were performed in Cos7 cells transfected with Raldh2 reporter and different Hoxd13 constructs. WT Hoxd13 activated the Raldh2 promoter ( Figure 3A ). Mutated Hoxd13 showed a reduction in activation depending on the length of the repeat. To test a possible regulation in cells naturally expressing Hoxd genes, quantitative PCRs were performed on chicken micromass (chMM) cultures after infection with RCAS virus carrying the WT or mutant Hoxd13 ( Figure 3B ). Hoxd13 was shown to upregulate Raldh2, whereas the mutated forms were comparable with uninfected controls. Direct binding of Hoxd13 to the endogenous Raldh2 promoter was shown by ChIP. Using 4 primer pairs covering different regions containing putative Hox binding sites of the Raldh2 promoter, we found the product of primer pair 1 (-4,900 to -4,849 bp relative to the transcription start site) to be enriched 38-to 50-fold compared with primer pair 4 (-1,169 to -1,115 bp relative to the transcription start site) ( Figure  3C ). Primer pairs 2 and 3 were only enriched 2.5-to 6-fold.
RA suppresses chondrogenesis. To investigate of the influence of RA on primary cells with a potential to differentiate, we used the chMM system. In this model system, mesenchymal limb bud cells are seeded at high density, inducing spontaneous differentiation into various cell lineages, including cartilage. The degree of cartilage formation was measured by staining with Alcian blue and subsequent quantification using AxioVision Outmess software ( Figure 4A ). Cultures were treated with increasing doses of RA or, alternatively, with increasing doses of the following 2 inhibitors of RA synthesis: disulfiram, known to block Raldh (30) , and citral, which blocks both steps of vitamin A oxidation (31) . Our experiments demonstrate an antichondrogenic dose-dependent effect of RA on mesenchymal cells. Disulfiram and citral enhanced chondrogenesis in chMM cultures, indicating that RA negatively regulates chondrogenic differentiation in limb mesenchymal cells.
To test the effect of RA on chondrogenesis in vivo, we implanted RA-soaked beads in chicken limb buds, harvested those 24 hours later, and performed section in situ hybridization with a Col2a1-specific probe to detect cartilage using collagen type II expression as a marker. The results showed that RA treatment results in a complete inhibition of chondrogenesis in the digits ( Figure 4B ).
Intrauterine treatment of Spdh mice with RA rescues the polydactyly phenotype. Our results indicated that dysregulation of RA signaling plays a role in the Spdh phenotype. To verify this hypothesis, we aimed at adjusting the level of RA by intrauterine supplementation. Pregnant females were treated with orally administered 5 μg RA/g body weight once per day from E8.5 to E14.5. Newborn animals were analyzed by skeletal preparation, and WT littermates served as controls ( Figure 5 ). RA, a known teratogene, led to a reduction in size of the entire limb both in WT and in Spdh/Spdh animals ( Figure 5A ). All mutant offspring showed exactly 5 digits instead of the usual 6 or 7 condensations ( Figure 5B ). For statistics, 30 offspring animals were analyzed, including 8 WT, 8 mutant, and 14 heterozygous animals, fitting to the expected ratio. The size reduction was similar between the animals, and the observed effects were reproducible and stable.
Hox genes modulate chondrogenesis. To test the influence of Hoxd13 on chondrogenesis, we expressed WT and mutant Hoxd13 in chMM culture using the NCI RCAS retroviral system. This system resulted in a moderate expression of the target gene in close to 100% of cells. Western blot analysis (data not shown) demonstrated that the expression levels were moderate and that mutant Hoxd13 was partially degraded, as previously shown (26) . Expression of WT Hoxd13 had a profound effect on cartilage formation, as evidenced by the almost complete suppression of chondrogenesis ( Figure  6A ). Control chMM cultures began to form cartilaginous nodules on day 6, followed by a continuous increase of Alcian blue-positive tissue. In contrast, cells treated with WT Hoxd13 produced minute amounts of Alcian blue-positive matrix. To test whether this effect could be inhibited by blocking RA, we treated infected cells with disulfiram. We observed a moderate increase in chondrogenesis (data not shown), indicating that other pathways in addition to RA are important for Hoxd13-induced suppression of chondrogenesis in this system. To test the effect of mutant Hoxd13 on chondrogenesis, we performed the same experiments expressing Hoxd13 with an expanded polyalanine repeat (+7 Ala and +14 Ala). At day 9, induction of chondrogenesis was comparable with controls, indicating a loss of inhibition. Thereafter, the mutant showed an increase in cartilage formation when compared with the control. This effect became apparent at day 11 and was most pronounced on days 13 and 15. Using quantitative PCR we analyzed the expression of Col2a1, the predominant collagen of cartilage ( Figure 6B ). We observed an almost complete suppression of Col2a1 in cells with WT Hoxd13 expression throughout the tested period. The 2 mutant forms, i.e., Hoxd13 +7Ala and Hoxd13 +14Ala , showed no suppression of Col2a1 expression on day 9 and, as expected from the results obtained with Alcian blue staining, increased Col2a1 expression at day 13. To test whether other Hox genes had a similar effect, we expressed Hoxd11, Hoxd12, and Hoxa13 in chMM cultures and measured Alcian blue incorporation ( Figure 6C ). Hoxd11 and Hoxd12 had no major effect on cartilage formation, indicating that the observed antichondrogenic effect was specific for Hoxd13. In contrast, Hoxa13, similar to Hoxd13, is also a strong suppressor of chondrogenesis.
Enhanced chondrogenesis and polydactyly formation in Spdh/Spdh limbs. To further investigate the chondrogenic potential of mesenchymal cells in Spdh/Spdh autopods, we isolated cells at E13.5, the stage at which the mutant limbs can be visibly distinguished from WT, and cultured them at high density. Chondrogenesis was determined at days 3, 6, and 9 by staining with Alcian blue and image quantification. Cells from Spdh/Spdh autopods showed a much stronger potential to form cartilaginous nodules compared with cells from control animals, indicating that the Hoxd13 mutation has a prochondrogenic effect ( Figure 7A ).
To further investigate the chondrogenic potential of interdigital mesenchyme in Spdh/Spdh limbs, we analyzed mutant limbs at E12.5, the stage at which the first cartilage condensation forms that will later develop into the digits. At these stages chondrogenesis has to be repressed in the interdigital mesenchyme and promoted at the sites where the digits form. In WT mice this results in restricted expression of Sox9 (Figure 7B ), the gene that is pivotal for cartilage formation (32, 33) , to the cartilaginous condensations. In contrast, Spdh/Spdh mice showed Sox9-positive cells dispersed throughout the interdigital mesenchyme ( Figure 7B) . Furthermore, the border between positive and negative cells is blurred, both at E12.5 and E13.5. These findings are consistent with our in situ hybridization data, which show expression of Sox9 mRNA ( Figure 7C ) at the same sites. Quantitative PCR of chMM cultures revealed that mutant Hoxd13 activated Sox9 and Sox6 expression ( Figure 7D) .
To document the nature and time point of the additional condensations, 3D models of developing limbs were generated ( Figure 7E ). Serial paraffin-embedded sections of E12.5 and E14.5 were hybridized with a Col2a1 probe to visualize cartilaginous condensations, photographed, and reconstituted with Amira software. In contrast to the WT limbs, Spdh/Spdh limbs showed multiple additional condensations in the proximal parts of the interdigital region. Some of these condensations developed in the interdigital mesenchyme independent of regular digit condensations, while others were connected to future digits. Thus, we concluded that cartilage formation in Spdh mutants does not represent a true digit formation but rather an uncontrolled process of enhanced differentiation at multiple sites.
Discussion
Our results indicate that RA signaling is disturbed in Spdh mice. RA was initially identified as a crucial signaling factor in limb bud development based on the observations that exogenous RA produces duplications in regenerating axolotl limbs (34) . Furthermore, administration of RA to anterior chicken limb buds results in anterior-posterior duplications (35) . RA signaling appears to be important for at least 2 different time points during development (36) . In the early phase, RA is essential for the initiation of limb budding from the lateral plate mesoderm. Later, the main role of RA appears to be as a proximodistal signal during apical ectodermal ridge formation and in the induction of Shh expression (37) . The latter function partly depends on RA-mediated induction of Hox genes, which in turn activate Shh (38) . However, in spite of these known functions of RA, its definite role in limb development remains controversial. Active RA is produced by retinaldehyde dehydrogenases (Raldh1-3), enzymes that catalyze the second oxidative step in the biosynthesis of RA from retinol (29) . Raldh2 is responsible for most of the RA-synthesizing activity and for initiating RA signaling during early mouse embryogenesis, as shown in Raldh2 -/-embryos that have severe midline defects and do not form limb buds at all (36, 37) . Due to the severe phenotype, late effects of Raldh2 deficiency were not investigated. We show that Raldh2 is expressed at E12.5 and E13.5 when the digital anlagen are formed. The expression is confined to the interdigital mesenchyme and the perichondrium, thus overlapping with Hoxd13 expression at these stages. Our results show that Raldh2 expression in the interdigital mesenchyme is reduced in Spdh/Spdh mice. Furthermore, the expression at the margins of the condensations (perichondrium) is completely missing in mutant mice, and residual activity is restricted to the most distal regions of the developing limb.
The deficiency of Raldh2 in Spdh mice suggests the possibility of direct regulation of Raldh2 by Hoxd13. Direct promoter and ChIP analysis and the upregulation of Raldh2 in chMM that expressed Hoxd13 suggest a direct regulation of Raldh2 by Hoxd13. Reduced amounts of Raldh2 should result in reduced RA concentrations. This was verified by direct RA measurement in limb tissue demonstrating a reduction by approximately 40% in Spdh/Spdh limbs. Our hypothesis of reduced RA signaling is additionally supported by the downregulation of several known RA targets including the RA receptor RARβ, Tbx5, Meis2, and dHand (36, (39) (40) (41) .
Besides its role in early patterning, RA signaling was shown to play a role in the regulation of chondrogenesis. Earlier studies have shown that RA is able to inhibit chondrogenesis in vitro (42) . This effect was shown to be most pronounced in cells derived from the more proximal limb bud indicating that the late blastemal stage of chondrogenesis is most vulnerable to RA treatment (43) . In vivo, low doses are reported to enhance chondrogenesis, whereas high doses result in inhibition of cartilage formation (44, 45) . Loss of RA receptor-mediated signaling was shown to be necessary and sufficient for expression of the chondroblast phenotype (46) . Part of this effect is likely to be transmitted via Sox9, a transcription factor required for cartilage formation (47, 48) . Furthermore, RA signaling antago- nizes the prochondrogenic effects of bone morphogenetic proteins (BMPs), and BMP4 downregulates Raldh2 expression, thus influencing RA levels (46) . Our experiments in chMM cultures confirm these results and show that RA suppresses chondrogenesis, whereas RA antagonists enhance cartilage formation. Thus, RA appears to be an important factor in the organogenesis of the skeleton by negatively influencing the differentiation of mesenchymal cells into chondrocytes. This antichondrogenic effect is reduced in Spdh/Spdh mice due to lower levels of RA in the interdigital mesenchyme.
Our results indicated that RA levels in Spdh/Spdh mice are moderately downregulated. This may explain the lack of more severe phenotypes such as limb truncations. On the other hand, the timing of Raldh2 regulation by Hoxd13 in the phase of skeletal organogenesis is likely to be a key factor in the determination of the phenotype. The limb phenotype of Raldh2 -/-mice can be partially rescued by oral administration of RA to pregnant females (37) . We thus treated pregnant Spdh mice with low doses of RA via intragastric feeding to test whether the phenotype can be rescued. Our results show that the polydactyly phenotype of Spdh/Spdh mice can be rescued, indicating that RA deficiency indeed plays a significant role in the pathogenesis of Spdh-related polydactyly.
In previous studies it was described that RA depletion results in premature and ectopic expression of Hox genes in early limb buds (37) . Activation of Hox gene transcription by RA response elements and RA has previously been documented, and RA has been shown to trigger collinear activation of Hox genes in cells (49, 50) . RA is known to play a role in the sequential activation of Hox genes in limb development by promoting anterior Hox genes and delaying posterior ones (51) . The expression of Hox genes has been extensively studied in Spdh mice (25, 52) . No differences were identified, indicating that the level of RA dysregulation in Spdh mice is not sufficient to induce misexpression.
Polyalanine expansions as they occur in Spdh mice are unlikely to be pure loss-of-function mutations, as inactivation of Hoxd13 alone does not result in a SPD phenotype. However, inactivation of the most posterior Hoxd genes together (Hoxd11, -d12, and -d13) results in SPD, similar to that observed in Spdh mice, but less severe (53) . This indicates that the mutant Hoxd13 acts in a dominant-negative manner, possibly by negatively interacting with other Hox genes (25) . To investigate this hypothesis further, we created the PrxHoxd13 +21Ala transgenic mouse line. These mice showed a major deformity of the radius and the ulna but only minor changes in their autopods. Thus,
Figure 6
Hoxd13 modulates chondrogenesis. (A) WT and mutant Hoxd13 were expressed in chMM cultures using the NCI RCAS retroviral system. Alcian blue staining was used to detect cartilage-specific nodules starting at day 6 (bottom) and subsequently quantified (top). WT Hoxd13 inhibited cartilage formation, while mutant Hoxd13 with +7Ala or +14Ala expansions had a prochondrogenic effect. (B) Quantitative PCR analysis of chMM cultures. Values were normalized to day 6 control. WT Hoxd13 strongly suppressed Col2a1 expression, while Hoxd13 with expanded Ala repeats showed increased expression. (C) The effects of other autopod-expressed Hox genes were analyzed in chMM cultures. Hoxd11 and Hoxd12 showed only a mild inhibitory effect on chondrogenesis. In contrast, Hoxa13 had an effect similar to Hoxd13. Results are presented as mean ± SD.
based on the alterations in the stylopod, Hoxd13 +21Ala is not a complete loss of function but is insufficient to induce a distal limb phenotype on a WT Hoxd13 background. Even if 1 WT allele is replaced by a Spdh allele (PrxHoxd13 +21Ala ; Spdh/WT), no major effect was observed.
On a homozygous Spdh background (PrxHoxd13 +21Ala ; Spdh/Spdh), however, we observed a very severe phenotype. This indicated that 1 WT Hoxd13 allele was sufficient to prevent the effect of even a very long Ala expansion mutant. Crossing Spdh mice with mice carrying 1 inactivated Hoxd13 allele resulted in a distinct phenotype consisting of features described for Hoxd13 inactivation, such as shortening of digit 2 and postaxial polydactyly (27) , as well as features of the Spdh spectrum, including abnormal joints, irregularities of the cartilaginous digits, and a delay in ossification. In addition, we observed ectopic cartilage between the digits, sometimes bridging the digits, which we interpreted as a minimal Spdh phenotype. Thus, Spdh is likely to result in a loss of Hoxd13 function together with a residual gain of function. The latter is different from WT Hoxd13 and can thus be called neomorphic. This effect is dosage dependent and occurs only in the absence of a WT Hox allele.
In order to investigate the proposed neomorphic effect further, we expressed WT and mutant Hoxd13 in chMM cultures using the NCI RCAS retroviral system. Our experiments demonstrate that WT Hoxd13 and Hoxa13 are strong suppressors of chondrogenesis. In contrast to WT, mutant Hoxd13 with an expanded Ala repeat induces chondrogenesis. To investigate the reason of the observed effect, we quantified the expression of Sox9 and Sox6, 2 transcription factors known to be essential and sufficient to induce chondrogenesis. Our results indicated that mutant Hox directly or indirectly activates Sox6/9 genes, which in turn promotes chondrogenesis. This effect was also observed in vivo. Whereas WT limbs showed a very restricted Sox9 expression pattern strictly confined to the cartilaginous condensations, Spdh limbs showed aberrant expression of Sox9 in cells of the interdigital mesenchyme. The enhanced chondrogenic potential of cells expressing mutant Hoxd13 was also demonstrated in Spdh/Spdh derived mesenchymal limb cells, a finding that further substantiates our hypothesis.
We conclude that at least 2 mechanisms contribute to the Spdh phenotype that are likely to function in an combined manner. In WT, RA suppresses chondrogenesis in the interdigital mesenchyme. In Spdh/Spdh mice carrying a mutant Hoxd13 with expanded Ala repeats, Raldh2 is downregulated, resulting in less RA and, consequently, increased cell differentiation. This hypothesis is further supported by the phenotype of RA receptor compound knockouts that also present with additional interdigital cartilage anlagen (54) . Hoxd13, which is expressed in the interdigital mesenchyme, functions as a repressor of chondrogenesis and cell differentiation. Mutants with Ala expansions lose this repressive activity. Instead, they show a neomorphic effect by inducing chondrogenesis. The combination of loss of suppression and gain of induction results in aberrant condensations in the interdigital mesenchyme and thus polydactyly. In contrast to other polydactylies such as those involving the Shh pathway, these condensations do not develop into true digits, but rather represent an uncontrolled process of enhanced differentiation at multiple sites. This is somewhat similar to the ectopic formation of cartilage anlagen with subsequent polydactyly observed after apical ectodermal ridge or ectoderm removal (55) . Hence, we propose a pathomechanism for Hoxd13-related SPD, which is not the result of a defect in patterning, but rather of irregularities in differentiation.
Methods
Mice. Spdh mice were obtained from The Jackson Laboratory (23) . Mutant offspring were generated by breeding Spdh/WT females to Spdh/WT males. Timed matings were produced, and 12 pm on the day of vaginal plug was considered E0.5. DNA from tail tip, amnion, or liver was used for genotyping, which was performed as described previously (52) .
Transgenic Hoxd13 mice carrying Hoxd13 with additional 21 Ala under the control of Prx promoter (PrxHoxd13 +21Ala mice) were created by DNA injection into oocytes. Two stables lines carrying the transgene were obtained. Two PCR reactions specific for the Prx promoter construct and Ala repeat length served for genotyping. Skeletal preparations were performed as previously described (52) .
All-trans RA (Sigma-Aldrich; catalog R2625) was suspended in 100% EtOH (50 mg/ml), diluted in sunflower oil to the required dose, and administered orally (5 μg/g body weight) to pregnant Spdh/+ females once a day from E8.5 to E14.5. RA was cooled on ice and protected from light during handling. Newborn litters were analyzed with skeletal preparations (described above), and WT littermates served as controls. All animal experiments were approved by the Landesamt für Gesundheit und Soziales (Berlin, Germany).
RNA extraction and quantification. To minimize effects of random biological variation, limbs from different litters were frozen in liquid nitrogen and then pooled after genotyping (30 WT or Spdh/Spdh forelimbs for each hybridization). RNA was extracted with peqGold Trifast (peqLab Biotechnologie GmbH) according to the manufacturer's instructions. Extraction was followed by DNase treatment (RNase-Free DNase Set; Qiagen), purified with RNeasy Mini-Kit (Qiagen), and analyzed by Affymetrix GeneChip analysis.
2D electrophoresis. Tissue of 40 WT and Spdh limb buds each were collected at E13.5, and frozen in liquid nitrogen until genotyping was done. 2D gel electrophoresis was performed as previously described (56) . Protein spots were identified with MALDI-TOF analysis, and differences in protein amount were scaled by volume.
RA measurement. For RA measurement directly out of limb tissue limb buds of stage E13.5 were collected. Preparation was done in red light darkness; limbs were directly frozen in liquid nitrogen and stored at -80°C. After genotyping, 6 limbs were pooled per sample. Measurement was done by As Vitas, and 3 independent experiments were performed.
In situ hybridization. For in situ hybridization, limbs were fixed in 4% PFA, dehydrated, and embedded in paraffin. Sections (5 μm) from different E12.5, E13.5, E14.5, and E16.5 were hybridized with specific probes. To avoid cross-hybridization, probes were generated from 3′ UTR with 2 specific primers each. Raldh2, forward, ATGGGTGAGTTTGGCTTACG, reverse, CCTGCTGGAAGGACTCAAAG; RARβ, forward, AGCAAGCCT-CACATGTTTCC, reverse, TCTTTGCCATGCATCTTGAC; dHand (57); meis2, forward, GTCCAATGGGAATGGGTATG, reverse, TGAGGCAA-CATAACGGAGTG; Tbx5, forward, CAGACTGGCCTTCAGTCTCC, reverse, CAACACTCAGCGAGGCAATA; Sox9 (58); and Col2a1 (59) . In situ hybridization was performed as described previously (60) . Whole-mount in situ hybridization was performed as previously described (52) . 3D reconstruction was performed from serial sections hybridized to Col2a1 probes using Amira software (Amira 3.0; Mercury Computer Systems TGS).
Luciferase reporter assays. A conserved region 3,300 bases upstream from transcription start site of murine Raldh2 comprising approximately 1,350 bp was amplified with specific primers GATCGCTAGCAGCCGAAGAT-CATCCTTTC (forward) and GATCAGATCTTGTTGTAGACCCCCAG-GA (reverse) from genomic mouse DNA and cloned into pGL2-Enhancer (Promega; catalog E1621). This vector contains its own transcription start site for luciferase. Cos7 cells were cultured in 24-well plates and transfected with ExGen500 (Fermentas) with 150 ng promoter construct, 300 ng of required Hoxd13 construct, and 15 ng renilla luciferase. Reporter assays were performed 24 hours after transfection with DualGlo Luciferase Assay System (Promega; catalog TM058) according to the manufacturer's instructions.
ChMM culture. ChMM cultures were prepared as described previously (61) . For RA treatment, cells were grown in DMEM: F12 with 10% FCS, 0.2% chicken serum, 2 mM l-glutamine, and penicillin/streptomycin. Medium was replaced every day. RA (Sigma-Aldrich; catalog R2625) was dissolved in EtOH, disulfiram (Fluka; catalog 86720) in DMSO, and citral (Sigma-Aldrich; catalog C83007) in medium. Controls were treated either with EtOH or DMSO alone. Alcian blue staining of chMM cultures was performed in 1% Alcian blue in 1 N HCl after fixation in Kahles fixative (28.9% vol/vol EtOH; 0.37% formaldehyde; 3.9% vol/vol acetic acid). Histomorphometric quantification by was performed with AxioVision Outmess Software (Zeiss). For Hoxd13 analysis, cells were infected with concentrated viral supernatants containing the cDNA encoding WT Hoxd13, Hoxd13 +7Ala , and Hoxd13 +14Ala . Infection with empty RCAS virus (62) was used as a control. Culture medium (DMEM-F12, 2% chicken serum, 4 mM l-glutamine, and penicillin/streptomycin) was replaced every 2 days. For each condition, 4 replicates were performed in parallel. Real-time PCR was performed as previously described (63) with gene-specific primers. Quantification of incorporated Alcian blue was performed after extraction of the dye with 6M guanidium chloride by OD595.
Primary mesenchymal cell culture. Murine primary mesenchymal cells were isolated at E13.5, when mutants can clearly be distinguished from normal littermates. Hand and food plates were collected and prepared as described above for chMM. Cells were grown in DMEM: F12 with 10% FCS, 1% penicillin/streptomycin, and L-glutamine. Medium was replaced every second day. Alcian blue staining of primary mesenchymal cultures was performed (see above), and quantification was done using AxioVision Outmess Software (Zeiss).
ChIP. ChMM cultures were infected with RCAS-BP virus expressing an N-terminal FLAG-tagged Hoxd13 and cultured for 5 days as previously described (64) . For IP, chMM cultures were digested with 0.02% collagenase type IA, 0.02% trypsine, and 1% FCS in PBS for 30 minutes at 37°C. Approximately 10 8 cells were pooled and washed once in PBS. Chromatin crosslinking and IP were performed as previously described (65) with an affinity-purified monoclonal anti-FLAG M2 antibody (Sigma-Aldrich; catalog F1804). Sonification conditions were 32 pulses with 30% output and 45 seconds between pulses on a Branson sonifier 450D using a 5-mm tip. Following IP and washing steps, crosslinks were reversed for 15 minutes at 98°C. DNA was digested for 30 minutes at 37°C with RNase A and subsequently with proteinase K for 20 minutes at 45°C, followed by purification with PCR purification (QIAquick; Qiagen) columns. Analysis was performed by real-time PCR using POWER SYBR Green PCR Master Mix (Applied Biosystems) and ABI 7900 HT real-time PCR Cycler (Applied Biosystems), as described before (63) , with gene specific primers. Primers were as follows: 1 forward, AATTTAAACTTGCAAACTAGATCACACAT; 1 reverse, CCAGGTCACATTTATCATCACTAAATG; 2 forward, GAGTGCT-GTGTGCAAGGTGG; 2 reverse, CCCATCCAGCTCACAGGTTC; 3 forward, AACCACAGTGTTAATTTTTGAAACTGA; 3 reverse, TCAGTGTTT-GGGTTATTTTAGAAGTCA; 4 forward, AAATCTGCGGTCTCCTCCATT; 4 reverse, TCACCACGTGCACCTCTGTAA.
Bead implantation. Chicken eggs were incubated for 5 days. Beads (BioRad; catalog AGI-X2) were soaked with either 4 mg/ml RA (Sigma-Aldrich; catalog R2625) in DMSO, with 0.1 g/ml citral (Sigma-Aldrich; catalog C83007) in DMSO, or in DMSO alone. Beads were incubated at room temperature for 15 minutes and then directly used. Implanted chicken embryos were removed after 24 hours, fixed in 4% PFA overnight, and then prepared for paraffin embedding and section in situ hybridization as described above. A specific chicken ColII probe was used, as unimplanted limbs served as controls.
Immunohistochemistry. Immunohistochemistry was performed on 5-μm paraffin sections at E12.5 and E13.5. Sections were rehydrated in a descending series of EtOH concentrations, boiled in citrate buffer twice for 3 minutes, permeabilized with 0.2% Triton X-100 for 15 minutes, and blocked with normal goat serum. Antibody incubation was done at 4°C overnight with anti-Sox9 (1:50; Santa Cruz Biotechnology Inc.; catalog 20095) and for 1 hour with Alexa Fluor 488-conjugated secondary antibody (Invitrogen). Sample examination was done with an AxioVert 200 fluorescence microscope and AxioVision software (both Zeiss).
Statistics. For statistical analysis, the 2-tailed Student's t test was used. P values less than 0.05 were considered significant.
